Sandwich structures present several advantages, being used in many industries such as the aeronautical industry. In this study, an automated laminating line is employed to manufacture sandwich panels for boards. This work focus on an innovative solution, employing an advanced adhesive film to increase the bonding strength of sandwich structures used for this application. This was used to bond ceramic steel sheets to honeycomb-cored structures, creating an innovative solution for the board industry. Bending tests were carried to evaluate the performance of the new sandwich solutions and to compare it against a typical one available on the market. presenting a lower density than metals and being easier to manufacturer in complex shapes. However, these are more prone to several types of damage caused for example by water or fire.
Introduction
Sandwich panels are layered structures composed by two or more materials with distinct properties. The different layers are usually bounded by some sort of adhesive. This type of structure has many advantages, combining the properties of each material and resulting in a final structure with superior properties. Sandwich panels are low-weight with higher bending stiffness and strength compared to a single skin with the same weight [1] . Considering the application of these structures in vehicles for instance, due to its low weight, the energy savings with these structures are significant. This is particularly important in a society looking for sustainability at different levels and environmentally friendly solutions.
These structures are composed by at least three layers: two relatively thin ones characterized by high stiffness and mechanical strength, known as skins, and an inner one known as core. The latter is a thick layer of a less dense material, characterized by lower stiffness and mechanical strength. Figure 1 presents an illustration of these layers as well as the adhesive responsible for binding them. Although a typical sandwich is composed by three layers and two materials, there are complex structures where the core and even the skins are composed by two or more materials [2] .
The skins must have a good tensile and compressive strength and designed to be subjected to bending loads. On the other hand, the core must be designed with enough strength to be subjected to shear loads caused by tensile and compressive loads acting on the skins. The adhesive is the binding agent, spreading the loads between layers. By binding these with an adhesive, it gives a significant stiffness and strength to the overall structure. It needs to be compatible with the materials of both skins and core in order to bind them successfully [3] .
The skins need materials with a high mechanical strength. The skins, depending on the application, are also subjected to different external attacks such as impacts, humidity, fire, corrosion, etc. Metals such as stainless steels and aluminum alloys are usually good options, being cheap due to mass production. Regarding non-metallic materials, wood laminated panels are also a low-cost solution, The skins must have a good tensile and compressive strength and designed to be subjected to bending loads. On the other hand, the core must be designed with enough strength to be subjected to shear loads caused by tensile and compressive loads acting on the skins. The adhesive is the binding agent, spreading the loads between layers. By binding these with an adhesive, it gives a significant stiffness and strength to the overall structure. It needs to be compatible with the materials of both skins and core in order to bind them successfully [3] .
The skins need materials with a high mechanical strength. The skins, depending on the application, are also subjected to different external attacks such as impacts, humidity, fire, corrosion, etc. Metals such as stainless steels and aluminum alloys are usually good options, being cheap due to mass production. Regarding non-metallic materials, wood laminated panels are also a low-cost solution, presenting a lower density than metals and being easier to manufacturer in complex shapes. However, these are more prone to several types of damage caused for example by water or fire.
Currently, there is a great interest on composite skins, resulting from a combination between a matrix based on resins such as polyester, epoxy, vinyl ester, phenolics [4] [5] [6] [7] , and fibers such as fiber glass, carbon fiber aramid fibers and even plant fibers [3, 6, 8, 9] , among many others. Glass fibers are among the most common, mainly due to its good mechanical properties, low-cost, and weight. Although carbon fiber has a much superior mechanical strength, it is also much more expensive. More recently, in order to improve the impact resistance of foam core sandwich panels and to protect the foam core, superelastic shape memory alloy (SMAs) wires were incorporated into the face sheets of foam core sandwich panels [10] .
Core materials are subjected to shear loads and compression loads in the sandwich structure, examples of these materials and structures, depending on the application, are metal or polymeric foams, honeycomb structures, cork, and even corrugated cores [11] [12] [13] [14] [15] [16] [17] . Foams are characterized by low densities, from polymeric foams such as polyvinyl chloride (PVC), polymethacrylimide (PMI), expanded polystyrene (EPS), and polyurethane (PU) to phenolic resin-based foams. The latter have good structural/thermal performance and are a low-cost solution. Considering honeycomb structures, these can be made from aluminum alloys to Kevlar paper-based honeycomb cores [18] . This type of core presents a higher specific stiffness and specific compressive strength but are poor insulators. More recently, Shi et al., [19] , combined honeycomb cores and grid cores, resulting in an honeycomb-grid hybrid core. This parametric study indicated that core thickness has the most significant influence on the specific bending stiffness. On the other hand, the specific in-plane stiffness of sandwich panels was mostly dependent on the grid spacing. Another example of hybrid cores is the one presented by Jayaram et al., [20] , testing polyester pin-reinforced foam filled honeycomb sandwich panels against traditional nonreinforced ones. The impact response was greatly improved. Currently, there is a great interest on composite skins, resulting from a combination between a matrix based on resins such as polyester, epoxy, vinyl ester, phenolics [4] [5] [6] [7] , and fibers such as fiber glass, carbon fiber aramid fibers and even plant fibers [3, 6, 8, 9] , among many others. Glass fibers are among the most common, mainly due to its good mechanical properties, low-cost, and weight. Although carbon fiber has a much superior mechanical strength, it is also much more expensive. More recently, in order to improve the impact resistance of foam core sandwich panels and to protect the foam core, superelastic shape memory alloy (SMAs) wires were incorporated into the face sheets of foam core sandwich panels [10] .
Core materials are subjected to shear loads and compression loads in the sandwich structure, examples of these materials and structures, depending on the application, are metal or polymeric foams, honeycomb structures, cork, and even corrugated cores [11] [12] [13] [14] [15] [16] [17] . Foams are characterized by low densities, from polymeric foams such as polyvinyl chloride (PVC), polymethacrylimide (PMI), expanded polystyrene (EPS), and polyurethane (PU) to phenolic resin-based foams. The latter have good structural/thermal performance and are a low-cost solution. Considering honeycomb structures, these can be made from aluminum alloys to Kevlar paper-based honeycomb cores [18] . This type of core presents a higher specific stiffness and specific compressive strength but are poor insulators. More recently, Shi et al., [19] , combined honeycomb cores and grid cores, resulting in an honeycomb-grid hybrid core. This parametric study indicated that core thickness has the most significant influence on the specific bending stiffness. On the other hand, the specific in-plane stiffness of sandwich panels was mostly dependent on the grid spacing. Another example of hybrid cores is the one presented by Jayaram et al., [20] , testing polyester pin-reinforced foam filled honeycomb sandwich panels against traditional nonreinforced ones. The impact response was greatly improved.
Regarding the adhesive material, this one must have similar or even better mechanical properties than the core material. The failure of the sandwich panel must not be due to failure of adhesive joints, thus, debonding is not admissible [21] [22] [23] . Within the wide set of adhesive options, PU glues are the most commonly used in quantities ranging from 200 to 350 g/m 2 . The cure of the adhesive is also an important aspect, where humidity, pressure and temperature are important variables [24] [25] [26] [27] [28] . Additionally, in the case of adhesives with two components, the mixing is carried out in the moment of application, usually between a base resin (polyol) and a curing agent (isocyanate). With this type of adhesives, the curing time under pressure can be controlled not only through the quantity ratio but also with heat. There are also solid adhesive films that are thermally activated, which do not depend on the experience of the person mixing as in the case of glues with two components, eliminate glue waste, and the properties are which are guaranteed by the manufacturer [29, 30] .
The study of failure mechanisms in sandwich composite structures is of high importance in order to determine the performance of these structures, especially in very specific applications. Thus, design tools that can consider and predict these failure mechanisms are needed. Recently, Funari et al., [31, 32] , presented numerical models based on Arbitrary Lagrangian-Eulerian formulation capable to predict crack propagation in sandwich structures and debonding mechanisms respectively.
One of the most important factors in the manufacturing of honeycomb-cored sandwich structures is the effective application of the adhesive in order to guarantee a good strength. The main problem of honeycomb cores is the low contact area with the skins, which might lead to excessive forces on the core's cell edges bound to the skins. The typical approach to solve this problem is to place the adhesive on the membrane and not on the core. Nevertheless, still more than 90% of the adhesive is not in contact with the core's cell structure. In the case of adhesive glues this leads to a waste of material in the core, which also decreases the resistance to fire even in aluminium honeycombs.
The aim of this work is to manufacture sandwich panels to be used in interactive boards. To solve the adhesive issue, an advanced adhesive film applied directly on the core's cell edges was used, instead of applying it on the skins. This resulted on savings of the amount of adhesive up to 50% and on a sandwich paned with increased the strength by 3 to 5 times. The skins used were steel and ceramic sheets. The core used was polypropylene (PP) honeycombs due to its good applicability in static applications considering its excellent weight/strength ratio. The performance of this type of sandwich was compared against a typical one available on the market. These samples were manufactured in an automated laminating line and then subjected to three-point flexural tests.
Materials and Methods
The core used was PP honeycomb, considering its excellent weight/strength ratio and applicability in static applications. PP honeycombs have a density between 60 and 120 kg/m 3 . Regarding the skins, the frontal membrane was 0.35 mm thick PolyVision e3 CeramicSteel sheet. The opposite skin was a 0.25 mm thick sheet of galvanized steel DX51D. In order to successfully assemble these parts into one unique structure, a polyolefin adhesive film (ref. 22 .001-collano ® ) was used. Table 1 presents the sequential order of the layers for the new sandwich panel solution and a typical one available on the market. The first layer corresponds to the frontal layer of the board. The final samples of sandwich 1 and sandwich 2 have 9 mm and 22 mm, respectively. Adhesive film Paper glue 5
Galvanized sheet Cardboard honeycomb 6
Paper glue 7
MDF reinforcement 8
Paper glue 9
Galvanized sheet
Adhesive Film and Bonding Technique
One of the most important factors in the manufacturing of honeycomb-cored sandwich structures is the effective application of the adhesive. There is low contact area between cores and the skins, which might result in excessive forces on the cells edges bound to the skins.
The typical approach to solve this issue is to place the adhesive on the membrane and not on the core. Nevertheless, still more than 90% of the adhesive is not in contact with the cells structure. In the case of adhesive glues, this leads to a waste of material. To solve this issue, an adhesive developed by Collanno ® was applied directly on the core's cell edges, leading to an optimized used of the adhesive, saving 50% of the adhesive and increasing the strength of the sandwich paned by 3 to 5 times [33] .
This solution is an advanced adhesive film with a slit thermally sensitive pattern. Figure 2 presents an illustration of the thermally activated adhesive net. When the adhesive is heated, due to its thermally dependent viscous state, the film's structure fits the core's cell edges, bonding both together. In order to ensure a good bonding between this adhesive net and the honeycomb cell edges:
1.
The film must be placed on the honeycomb without any restraint, just simply place on it.
2.
The film must be biaxially stretched in order to get a well distribution by the polymer molecules. 3.
The film must have a suitable slit pattern considering the honeycomb structure in order to adapt to it.
1. The film must be placed on the honeycomb without any restraint, just simply place on it.
2. The film must be biaxially stretched in order to get a well distribution by the polymer molecules.
3. The film must have a suitable slit pattern considering the honeycomb structure in order to adapt to it.
Figure 2.
Heat effect on the adhesive film (adapted from [33] ).
The adhesive film employed in this work is linear low-density polyethylene (LLDPE) chemically based, with a melting temperature ranging from 115 to 130 °C and a minimal bond line temperature of 130 °C. This adhesive film has a melt flow index, according to DIN 53735 standard Table 2 . The manufacturing conditions, such as pressing time, temperature, and pressure, are extremely important to the final properties of the sandwich structure. The conditions used were the ones indicated in [33] , which are summarized in Table 3 . This is the best set of conditions to obtain the higher strength. In order to manufacture the sandwich panels for interactive boards with this new technology, an industrial equipment was developed. Figure 3 presents and illustration on how the manufacturing process works. This process is based on the hypothesis that by embedding the honeycomb edge in the precoated adhesive, better results are yielded.
indicated in [33] , which are summarized in Table 3 . This is the best set of conditions to obtain the higher strength. In order to manufacture the sandwich panels for interactive boards with this new technology, an industrial equipment was developed. Figure 3 presents and illustration on how the manufacturing process works. This process is based on the hypothesis that by embedding the honeycomb edge in the precoated adhesive, better results are yielded. Figure 3 . Illustration of the production line for manufacturing of sandwich panels, using slit adhesive films (adapted from [33] ).
This automated laminating line, the model Elytra from Tebulo, is composed by  Adhesive unwinder;  Tabletop laminator with temperature control;  Automatic adjustable pressure system after passing the heating zone;  Cooling zone in order to obtain smooth surfaces;  Separated heating and cooling zones in the same machine;  Seamless polyamide conveyor belts for bidirectional transport; and  Industrial computer to control the entire production line.
Bidirectional conveyor belts are a major key enabler in the application of the adhesive. In addition, the high level of temperature control due to the combination of heating and cooling systems, makes it possible to have a high degree of control over thermal deformations. Figure 4 presents the end of the manufacturing process, showing the sandwich panel's output. Bidirectional conveyor belts are a major key enabler in the application of the adhesive. In addition, the high level of temperature control due to the combination of heating and cooling systems, makes it possible to have a high degree of control over thermal deformations. Figure 4 
Bending Tests
In order to characterize the sandwich panel, three-point bending tests were performed on the manufactured boards. These are subjected to this type of loading in their real work environment. A universal testing machine Shimadzu 10 kN (Shimadzu, Kyoto, Japan) was used to carry testing according to ASTM C 393 standard at 6 mm/min. The diameter of the support pins is 4 mm, while 
In order to characterize the sandwich panel, three-point bending tests were performed on the manufactured boards. These are subjected to this type of loading in their real work environment. A universal testing machine Shimadzu 10 kN (Shimadzu, Kyoto, Japan) was used to carry testing according to ASTM C 393 standard at 6 mm/min. The diameter of the support pins is 4 mm, while the diameters of the two loading pins used are 10 mm and 40 mm. The length of the support span was 200 mm. ASTM C 393 standard test methodology is appropriate for cored sandwich structures under flexure loading and shear of the core is expected. For instance, as indicated by the standard, permissible core material forms include those with continuous bonding surfaces (such as balsa wood and foams) as well as those with discontinuous bonding surfaces (such as honeycomb) [34] .
Regarding sandwich 1, sandwich panels from different lots were cut into samples, designated cn (n is the sample number, and thus ranges from 1 to 5), with a size of 300 mm × 40 mm, where the longitudinal direction corresponds to the lamination direction. Samples c1 and c2 were tested with the 10 mm loading pin. In order to test the samples to higher bending loads and to reduce the probability of concentrated failure in the loading point, the 40 mm pin was used to test samples c3 to c5. And it is possible to observe that failure is not localized as it was in the previous tests. Additionally, in order to verify the loading side influence, since the sandwich panels are not symmetrically due to the different skins, c4 and c5 were tested on the opposite skin.
Regarding sandwich 2, sandwich panels from different lots were cut into samples, designated can (n is the sample number, and thus ranges from 1 to 4), in the same size of samples from sandwich 1. Once sandwich 2 has 22 mm, the 10 mm loading pin was not used, since the main aim is to evaluate the bonding strength between the different glued layers. The first two bending tests, ca1-2, were tested on the posterior side with a 40 mm loading pin, while samples ca3-4 were tested on the anterior skin.
Results

Sandwich 1-PP Honeycomb Core Panels with Advanced Adhesive Film
Figures 5-7 show sample c1 prior testing, the same sample being tested, and the load vs. mid-span deflection, respectively, measured during the bending test. The later also sows the failure of the structure, probably caused by the loading pin indentation being aligned with load.
Sample c2 was tested with the same conditions as sample c1. Figures 8 and 9 present the load vs. mid-span deflection measured during the bending test and the failure modes, respectively. There is no debonding between the layers. Again, the critical deformation is purely on the skin where the load is applied. Sample c2 was tested with the same conditions as sample c1. Figures 8 and 9 present the load vs. mid-span deflection measured during the bending test and the failure modes, respectively. There is no debonding between the layers. Again, the critical deformation is purely on the skin where the load is applied. This type of failure was expected due to the low diameter of the loading pin used and the potential stress concentration. Nevertheless, it was important to determine the occurrence of layer debonding, for lower and concentrated loads. The results obtained with samples c1 and c2 revealed that there is an excellent bond between core and skins, thanks to new manufacturing methodology and advanced adhesive film employed.
In order to increase the bending load and to reduce the probability of concentrated failure in the loading point, a loading tool with a higher diameter was used. Figure 10 shows sample c3 after This type of failure was expected due to the low diameter of the loading pin used and the potential stress concentration. Nevertheless, it was important to determine the occurrence of layer debonding, for lower and concentrated loads. The results obtained with samples c1 and c2 revealed that there is an excellent bond between core and skins, thanks to new manufacturing methodology and advanced adhesive film employed.
In order to increase the bending load and to reduce the probability of concentrated failure in the loading point, a loading tool with a higher diameter was used. Figure 10 shows sample c3 after testing with the 40 mm pin, and it is possible to observe that failure is not localized as it was in the previous tests. Figure 11 presents the load vs. mid-span deflection measured during the bending test. As expected, the energy absorption was much higher than in the previous tests. testing with the 40 mm pin, and it is possible to observe that failure is not localized as it was in the previous tests. Figure 11 presents the load vs. mid-span deflection measured during the bending test. As expected, the energy absorption was much higher than in the previous tests. Figure 12 presents sample c4 after testing, which was loaded on the opposite skin. Again, no debonding was observed, verifying an excellent performance by the adhesive film. Additionally, no failure was verified, just normal curvature due to the deflection imposed. It is worthy to mention that these levels of deflections are much higher than the typical ones that commonly occur in real life with boards. Nevertheless, this guarantees a high performance by the board in extreme cases such as accidents or abnormal situations. Figure 13 presents the load vs. mid-span deflection measured during the bending test for both c4 and c5, together with the previous tested samples of sandwich 1. The behavior of samples c4 and c5 is very similar to the one of sample c3, which makes it possible to Figure 12 presents sample c4 after testing, which was loaded on the opposite skin. Again, no debonding was observed, verifying an excellent performance by the adhesive film. Additionally, no failure was verified, just normal curvature due to the deflection imposed. It is worthy to mention that these levels of deflections are much higher than the typical ones that commonly occur in real life with boards. Nevertheless, this guarantees a high performance by the board in extreme cases such as accidents or abnormal situations. Figure 13 presents the load vs. mid-span deflection measured during the bending test for both c4 and c5, together with the previous tested samples of sandwich 1. The behavior of samples c4 and c5 is very similar to the one of sample c3, which makes it possible to conclude that the sandwich 1 mechanical behavior under bending load is independent of the skin where it is applied. Figure 14 shows the bending test of sample ca1 at the moment of maximum loading. Contrarily to samples from sandwich 1, debonding was observed in samples ca1 and ca2, resulting in delamination. In Figure 15 , it is possible to verify closely the delamination, showing a clearly different failure mode from sandwich 1. Nevertheless, as plotted in Figure 16 , the maximum load supported by sandwich 2 is at the same level of sandwich 1. The results obtained with the samples tested on the frontal skin were similar to ca1-2 samples. Figure 16 shows a similar behavior between samples ca1-4, resulting in maximum loads between 190 and 275 N, similarly to the values obtained with sandwich 1. Figure 14 shows the bending test of sample ca1 at the moment of maximum loading. Contrarily to samples from sandwich 1, debonding was observed in samples ca1 and ca2, resulting in delamination. In Figure 15 , it is possible to verify closely the delamination, showing a clearly different failure mode from sandwich 1. Nevertheless, as plotted in Figure 16 , the maximum load supported by sandwich 2 is at the same level of sandwich 1. The results obtained with the samples tested on the frontal skin were similar to ca1-2 samples. Figure 16 shows a similar behavior between samples ca1-4, resulting in maximum loads between 190 and 275 N, similarly to the values obtained with sandwich 1.
Sandwich 2-Cardboard Honeycomb Core Panels Reinforced with MDF
Overall, the flexural behavior of the sandwiches can be divided in three distinct regions. Until approximately 2 mm, there is a linear increase of the load related to the linear elastic region. Within approximately 2 mm and 4.7 mm, the increase of the load-displacement curve curvature is justified by the elastoplastic behavior (indentation by the loading tool). At 4.7 mm, the top skin is ruptured as well as part of the core in neighboring regions. From approximately 4.7 to 10 mm, the core is crushed, reducing its thickness and creating more cracks across it and thus, lowering the overall strength of the structure. Between 10 and 20 mm (the total failure is not at 20 mm), the load always decreased until the core was completely crushed, which could actually result in an increase of the load, since the core is completely compressed. 
Summary
The results presented for both types of sandwich, make it possible to predict which has higher stiffness and mechanical strength. Figure 17 presents the elastic region for both sandwiches, as well as the mean values for each type. This direct comparison makes it is possible to conclude that sandwich Table 4 . Mean values of stiffness and flexibility for both sandwiches. Considering both types of sandwich, the higher stiffness was reached by sandwich 2, reaching a stiffness of 170 N/mm, while the stiffer sandwich 1 presented a stiffness value of 58 N/mm. On the other hand, the higher flexibility obtained with sandwich 1 was 0.0081 mm/N, while the highest flexibility was obtained with sandwich 2, a value of 0.022 mm/N. Considering both types of sandwich, the higher stiffness was reached by sandwich 2, reaching a stiffness of 170 N/mm, while the stiffer sandwich 1 presented a stiffness value of 58 N/mm. On the other hand, the higher flexibility obtained with sandwich 1 was 0.0081 mm/N, while the highest flexibility was obtained with sandwich 2, a value of 0.022 mm/N. 
Conclusions
In this work, an automated laminating line was successfully used to manufacture sandwich panels with an innovative adhesive solution. An advanced solid film was employed with success, saving material and no debonding was seen in the three-point bending tests. Delamination was only 
In this work, an automated laminating line was successfully used to manufacture sandwich panels with an innovative adhesive solution. An advanced solid film was employed with success, saving material and no debonding was seen in the three-point bending tests. Delamination was only observed in sandwich samples, which layers were glued with a liquid adhesive, a typical sandwich used to manufacture boards already available on the market. Although it was seen in the experiments that a much higher stiffness is reached by the typical solution, the load level reached with both types was similar. Additionally, the thickness of sandwich 2 is much higher, 22 mm against the 9 mm from sandwich 1. Therefore, this innovative technology makes it possible to manufacture thinner boards, reducing the amount of materials employed, including the adhesive. The main aim of the study was successfully accomplished, since delamination damaged caused by debonding of the layers was only seen in sandwich 2. Funding: UID/EMS/00481/2019-FCT-FCT-Fundação para a Ciencia e a Tecnologia; and CENTRO-01-0145-FEDER-022083-Centro Portugal Regional Operational Programme (Centro2020), under the PORTUGAL 2020 Partnership Agreement, through the European Regional Development Fund.
